This work introduces a new experimental method for the comprehensive description of the physiological responses to light of photosynthetic organisms. It allows the integration in a single experiment of the main established manipulative chlorophyll fluorescence-based protocols. It enables the integrated characterization of the photophysiology of samples regarding photoacclimation state (generating non-sequential light-response curves of effective PSII quantum yield, electron transport rate or non-photochemical quenching), photoprotection capacity (running light stress-recovery experiments, quantifying non-photochemical quenching components) and the operation of photoinactivation and photorepair processes (measuring rate constants of photoinactivation and repair for different light levels and the relative quantum yield of photoinactivation). The new method is based on a previously introduced technique, combining the illumination of a set of replicated samples with spatially separated actinic light beams of different intensity, and the simultaneous measurement of the fluorescence emitted by all samples using an imaging fluorometer. The main novelty described here is the independent manipulation of light intensity and duration of exposure for each sample, and the control of the cumulative light dose applied. The results demonstrate the proof of concept for the method, by comparing the responses of cultures of Chlorella vulgaris acclimated to low and high light regimes, highlighting the mapping of light stress responses over a wide range of light intensity and exposure conditions, and the rapid generation of paired light-response curves of photoinactivation and repair rate constants. This approach represents a chlorophyll fluorescence 'protocol of everything', contributing towards the high throughput characterization of the photophysiology of photosynthetic organisms.
Introduction
In vivo chlorophyll fluorescence has become a ubiquitous technique in plant physiology (Baker, 2008; Murchie and Lawson, 2013) . Its high sensitivity for photosynthetic activity, non-invasiveness, and ease of use have made it a preferred tool for characterizing the photophysiology of photosynthetic samples. Chlorophyll fluorescence has been extensively used for studying the effects of abiotic and biotic factors on various aspects of photosynthetic activity and has proven particularly powerful for studying responses to light, the most obvious regulatory factor of photosynthesis. Chlorophyll fluorometers are able to measure with high temporal resolution the responses to changes in natural light conditions in real time (Levy et al., 2004; Demmig-Adams et al., 2012) . Modern models are able to manipulate actinic light, both in terms of intensity and of duration of exposure, making it easy to control and measure the responses to this environmental factor (e.g. Serôdio et al., 2006; Ihnken et al., 2010) .
A variety of manipulative protocols have been established to study photosynthetic processes under controlled light conditions. The simplest approach is to take measurements of indices like the maximum quantum yield of PSII (F v /F m , measured in dark-adapted samples; Table 1 ) or the effective quantum yield of PSII (ΔF/F m ′, measured under ambient light) at single instances or repeatedly over time, as often is the case for descriptive studies carried out under natural, uncontrolled conditions (Gorbunov et al., 2001; Ralph et al., 2002b; Serôdio et al., 2008) . However, more complex protocols are often employed, involving subjecting the samples to well-defined light exposure conditions. One type are light-response curves (LCs), which consist in the exposure of samples to a range of actinic light intensities, typically used to characterize the response of photosynthesis to changes in ambient irradiance (Henley, 1993; Schreiber et al., 1994) . Another common type of protocol is the light stress-recovery experiment (LSE), in which samples are exposed to a constant light level for a fixed period of time, both predefined to induce some degree of stressful effect, and their recovery is subsequently monitored. This type of experiment is often used to assess the response to light stress, and to quantify photodamage and recovery capacity (Walters et al., 1991; Müller et al., 2001; Ralph et al., 2002a) . In both types of protocols, the experimenter manipulates incident irradiance (E) and duration of light exposure (T), and interrogates the sample during the light exposure period and the eventual recovery period. LCs, however, are based on varying actinic light intensity while keeping the time of exposure fixed, whilst in LSEs light intensity is maintained constant and time of exposure is varied. Because often only one type of experiment, LC or LSE, is conducted, and because only a limited number of experimental conditions are tested (only one T per E level in LCs, and only one T and one E levels in LSEs), the results produced provide only a limited characterization of the full range of responses to light.
There is growing awareness that the full understanding of the multiple aspects of the photosynthetic responses to light must consider the quantitative evaluation of the processes associated to photoinactivation and photorepair (Takahashi and Badger, 2011; Campbell and Tyystjärvi, 2012; Tyystjärvi, 2013) . Repair of photodamage is increasingly recognized as key in determining the effective capacity to cope with light stress (Nishiyama et al., 2006; Murata et al., 2012) by counteracting the effects of photoinactivation, occurring under all light conditions (Tyystjärvi and Aro, 1996) . Photoinactivation and photorepair are dynamic processes, which can only be adequately quantified though rate constants (Campbell and Tyystjärvi, 2012) . The measurement of the rate constants of photoinactivation and repair (k PI and k REC , respectively) requires the monitoring of the sample response to different light exposure periods and cannot be achieved using the experimental protocols designed for generating LCs or run LSEs. The measurement of k PI and k REC is time and sample consuming, as it is based on the observed decline of F v /F m upon exposure to a range of different illumination periods (equivalent to running several LSEs, each for each exposure time), which demands running a large number of independent experiments. The time and number of samples increase significantly if, for a more comprehensive characterization of the sample light response, k PI and k REC are to be determined for various light levels (He and Chow, 2003; Murata et al., 2012; Miyata et al., 2012) .
Recently, a method was proposed that enables the combination of LCs and LSEs and thus the characterization of the 'dynamic light response' of a sample, that is, how the response to light varies with the duration of exposure (how LCs change over exposure time) and how the response kinetics varies with light intensity (how LSEs change with light intensity) (Serôdio et al., 2013) . The method is based on the combination of the simultaneous exposure of replicated samples to multiple actinic light levels and imaging fluorometry ('multi-actinic imaging'). This has made it possible to rapidly generate non-sequential LCs of common fluorescence indices like ΔF/F m ′, PSII relative electron transport rate (rETR) or non-photochemical quenching (NPQ), as well as to quantify, for a set of light levels, the response kinetics of these indices, during light induction and post-illumination recovery. The present work introduces a new experimental method that allows the integrated characterization of the responses to light of photosynthetic samples. It is based on the described multi-actinic imaging approach and permits the description of the light response of a set of replicated samples in terms of non-sequential LCs and LSEs, but also the measurement of the rate constants of photoinactivation and repair, k PI and k REC . Furthermore, by testing a range of different combinations of light intensity and exposure duration, the new method makes it possible to additionally determine k PI and k REC for different light levels and thus rapidly generate light-response curves of photoinactivation (and measure the relative quantum yield of photoinactivation) and repair. The application of the method is here demonstrated by using suspensions of the green microalga Chlorella vulgaris grown under contrasting low and high light conditions to induce different photoacclimation states.
Material and methods

Rationale
The basis of the method is the simultaneous measurement of the chlorophyll fluorescence emitted by a group of replicated samples, each one exposed to actinic light of different intensity, as introduced by Serôdio et al. (2013) . This is achieved by combining imaging of chlorophyll fluorescence with an actinic illumination system that enables illumination of each sample independently (a multi-actinic imaging system). The method works by applying a set of spatially separated beams of actinic light of different intensities (a 'light mask') for a predetermined period of time, during which the samples are simultaneously exposed to different levels of light stress. The application of saturating pulses (SPs), provided by the imaging fluorometer, allows simultaneous measurement of the relevant fluorescence parameters on all samples. A straightforward consequence is the fast generation of light-response curves ('single pulse light curves', SPLCs; Serôdio et al., 2013) of fluorescence indices such as ΔF/F m ′, rETR and NPQ. Furthermore, by monitoring the variation of fluorescence parameters over the period of light exposure, the patterns of induction of the different aspects of photosynthetic activity can be characterized for each light level ('dynamic light response'). By following the response upon return to darkness, quenching analysis can be carried out, quantifying different components of NPQ, and distinguishing the operation of photoprotective processes (rapidly reversible, energy-dependent quenching, q E ), state transitions (state transition quenching, q T ) and photoinhibitory effects (slowly reversible, photoinhibitory quenching, q I ) (Müller et al., 2001) . This has the advantage of providing NPQ data for a range of light levels, thus allowing the generation of light-response curves of NPQ and of its components.
The present study describes an extension of this method, the main novelty of which is the manipulation not only of actinic light intensity (E) light but also the time of exposure of each light level (T). This is achieved by applying a sequence of different light masks (forming a 'dynamic' light mask, as opposed to the 'static' type described above) enabling the manipulation of both the actinic light intensity and the duration of light exposure, and thus the light dose applied to each sample.
Experimental set-up
The experimental set-up used in this study was similar to the one described by Serôdio et al. (2013) . It combines a digital light projector as an actinic light source, providing spatially separated beams of actinic light of variable intensity (a light mask), and a chlorophyll fluorescence imaging system. It should be noted that while in the present study a digital projector was used to produce the light mask, in principle other types of light sources could be used (e.g. a separate light source for each sample). Actinic illumination was provided by a LCD digital projector (EB-X14; Seiko Epson, Suwa, Japan) comprising one mercury arc lamp providing a maximum light output of 3000 lumens. The projector was positioned so that the incident projected light field illuminated the center of the area monitored by the fluorometer camera. A focusing lens was used to focus the projected light masks. The light masks consisted of a set of 64 circular, spatially separated areas of actinic light (AAL), arranged in an 8 × 8 matrix, matching a custom-made square 64-well plate containing the samples, so that each AAL covered the whole surface of each sample. The imaging fluorometer used in this study was a FluorCAM 800MF (Photon System Instruments, Brno, Czech Republic), comprising a computer operated control unit (SN-FC800-082, PSI) and a CCD camera (CCD381, PSI) with a f1.2 (2.8-6 mm) objective (Eneo, Japan).
The light masks were designed and controlled in Microsoft PowerPoint, using a code written in Microsoft Visual Basic to define the light intensity, duration of exposure, and spectrum of each individual AAL. The light spectrum was controlled based on a previously established relationship between RGB settings and the PAR measured at the sample surface. Changes of light spectrum between AALs of different intensity were minimized by manipulating the RGB code (Serôdio et al., 2013; Laviale et al., 2016) . Actinic PAR irradiance incident at the sample surface was measured using a calibrated flat PAR sensor (mini quantum sensor LS-C and ULM-500 unit; Heinz Walz, Effeltrich, Germany).
The well plates were 3D-printed on black plastic (BeeSupply 1.75 mm PLA filament; BeeVeryCreative, Ílhavo, Portugal), using a HelloBeePrusa 3D-printer (BeeVeryCreative). Each well had dimensions of 9.0 × 3.0 mm (internal diameter×height), corresponding to a working sample volume of 200 µl. The well plates were designed to optimize the compromise between a number of key aspects: (i) increasing the number of wells, to enable testing of a large number of light levels and times of exposure; (ii) decreasing the overall light mask dimensions, to provide homogenous illumination over the set of samples, to minimize the interference of lens aberrations (mainly on the edges of the image), and, by permitting focusing of the light mask on a smaller area, to attain higher irradiance levels; (iii) maintaining a suitable size for individual wells, as the measuring error increases with the decrease in the number of pixels for each sample; (iv) reducing the depth of wells, to reduce the shadow cast on the bottom of the wells (the actinic light reaches the samples at an angle of ca 10° from vertical), thus increasing the operational area of measurements (area if interest; see below); (v) using black plastic to minimize light spill-over between adjacent samples.
Dynamic light mask
The experiments consisted of (i) an initial period of darkness ('dark acclimation'), for the measurement of reference values of F v /F m ; (ii) a period of exposure to actinic light ('induction phase'), for following the activation of photosynthetic activity and the reaching of a steady-state; and (iii) a final period of darkness ('recovery phase'), for monitoring post-illumination recovery and quantifying NPQ components (Fig. 1A) . The main novelty of this protocol is that each individual sample is exposed to a predefined and independently controlled light dose, defined by a unique combination of light intensity (E) and exposure duration (T) (Fig.1B) . Importantly, the dynamic light mask was designed in such a way that the period of light exposure, whilst starting at different times for different groups of samples (to define shorter or longer periods of light exposure), ended at the same time for all samples. This enabled simultaneous monitoring of recovery in the dark for all samples, and establishment of the relationship between recovery performance (F v /F m ) and light exposure conditions (intensity, duration, and light dose). The samples were arranged in a square 8 × 8 matrix, where each row corresponded to one of eight actinic light levels (E, 90-1460 μmol m -2 s -1 ), and each column corresponded to one of eight light exposure periods (T, up to 60 min) (Fig. 1) . The light dose (LD, mol m -2 ) applied to each sample was determined by the product of E and T:
It is to be noted that the protocol here described is just one particular example of the implementation of the method. The number of samples, their spatial arrangement, and their allocation to light intensity levels or time of exposure can in principle be different. However, there must be in any case a compromise between the number of samples in each image and the size of the samples, which may limit the number of pixels usable for image analysis and increase the error in the measurement of fluorescence parameters.
Chlorophyll fluorescence parameters
Images of chlorophyll fluorescence parameters F o , F m (measured during dark acclimation) or F s and F m ′ (measured during induction) were captured by applying modulated measuring light (<0.1 μmol m -2 s -1 ) and saturation pulses (>7500 μmol m -2 s -1 ) provided by red (612 nm emission peak, 40 nm bandwidth) LED panels. Images (512 × 512 pixels) were processed using FluorCam7 software (Photon System Instruments), by defining circular areas of interest (AOIs) centered on the AALs projected on the samples. To minimize border effects, the AOIs were smaller than the AALs, having on average 186 pixels (ca 5.8 mm diameter). Fluorescence images were captured at regular time intervals using an AutoHotKey script (www.autohotkey.com, last accessed 28 December 2016) written to automatically run the FluorCam7 protocol used for applying saturating pulses, and afterwards to save and export as text files the fluorescence kinetics data for further processing.
The values of the fluorescence parameters were calculated by averaging all pixel values in each AOI, and by averaging the fluorescence intensity during the 2 s immediately before (F o , F s ) the saturating pulse and during 0.6 s (F m , F m ′) exposure to the saturating pulse (total duration: 0.8 s). The fluorescence kinetics before and during each saturating pulse were analysed for potential interference caused by the projector's light flickering (Serôdio et al., 2013) .
Induction phase
Following an initial period of dark acclimation of 30 min, at the end of which F o and F m were measured and F v /F m was calculated for each AOI (all samples), the induction phase was started with the projection of the first set of AALs of the dynamic light mask. Each individual set of AALs was applied for a fixed duration (3.75 or 7.5 min, for lincomycin-treated samples or for controls, respectively; see below). Immediately before the end of each stage, a saturating pulse was applied and the fluorescence parameters F s and F m ′ were measured for the AOIs of all samples exposed to actinic light. These data were used to calculate rETR, based on incident irradiance and the effective quantum yield of PSII:
and to calculate the non-photochemical quenching index NPQ, based on the relative difference between the fluorescence level F m , measured after the initial dark acclimation period, and the level F m ′, measured upon exposure to light:
Because at any moment during the induction phase there were samples exposed to an array of ALLs, the application of a saturating pulse (to all samples) yielded measurements of F s and F m ′ for different E levels, which could be used to generate a non-sequential light-response curve (SPLC) of fluorescence indices such as ΔF/F m ′, rETR and NPQ.
Recovery phase
Following the light induction period, all samples were exposed to darkness and saturation pulses were applied at regular intervals (2.5 min). The use of dynamic light masks makes it possible to characterize in a quantitative way the susceptibility to photoinactivation and the repair capacity of the samples. The approach used here follows the procedures recommended by Campbell and Tyystjärvi (2012) . Assuming that photoinactivation and repair of PSII occur concurrently and can be described as two opposite first-order reactions (Kok, 1956) , and that the pool of functional PSII can be estimated by F v /F m , then the variation over time of exposure of net photoinactivation can be described, for each E level, by:
where A is the fraction of functional PSII, measured by the ratio of F v /F m (E,T), the F v /F m value measured after exposure to actinic light level E during a period T, and the initial, pre-stress F v /F m values, and k PI and k REC are the rate constants of PSII photoinactivation and repair, respectively (Campbell and Tyystjärvi, 2012) . F v /F m (E,T) was measured after 15 min of recovery in darkness, to allow the full relaxation of the xanthophyll cycle (q E ) and state transition effects (q T ), so that the difference in F v /F m relative to initial values can be assumed to be due to only photoinhibitory effects. The rate constants k PI and k REC were quantified for each E level by a two-step process. Firstly, k PI was measured by running the described protocol on samples treated with lincomycin (Alfa Aesar, Karlsruhe, Germany; 2.2 mM, added in the dark 60 min before the start of the experiment), an inhibitor of chloroplast protein synthesis that prevents recovery. This sets k REC =0 and k PI can be estimated by fitting the simplified form of Eq. 4:
to the time series of the variation of A with exposure time (F v /F m (E,T) values measured for each E, that is, for samples of each row of the well plate; Fig. 1A ). Secondly, k REC was estimated, for each E, by fitting Eq. 4 to the time series of A values measured in untreated samples, and using the corresponding k PI (E) estimates. The relative quantum yield of photoinactivation, Φ PI , can be calculated from :
Φ PI was estimated from the slope of the linear regression equation
The induction phase was run for 30 min (measurements every 3.75 min) or 60 min (measurements every 7.5 min), for lincomycintreated and for untreated samples, respectively. The duration of the induction phase was determined based on preliminary tests, by attempting to optimize the characterization of the pattern of F v /F m (E,T) variation over time of exposure while keeping the experiments as short as possible, to minimize sample alteration during the course of the experiment (e.g. medium evaporation, culture growth). Because each experiment yielded only one estimate of k PI and k REC per E level, experiments were run three times on independent samples.
Light response curve models
The light responses of rETR and NPQ were described by the models of Eilers and Peeters (1988) and Serôdio and Lavaud (2011), respectively. The models were fitted to the experimental data iteratively, by minimizing a least-squares function, forward differencing, and the default quasi-Newton search method, using a procedure written in Microsoft Visual Basic and based on Microsoft Excel Solver. Model fit was very good (r 2 >0.925) in all cases.
Algal material and growth conditions
Experiments were carried out on suspensions of the green unicellular alga Chlorella vulgaris (strain no. 2919, ACOI-Coimbra Collection of Algae, University of Coimbra, Portugal). Cultures were grown in unialgal semi-continuous batch cultures at 18 ºC, under 150 µmol m -2 s -1 ('high light', HL) and 15 µmol m -2 s -1 ('low light', LL) in a 12 h light:12 h dark cycle, in MBL medium (Nichols, 1973) . Cells were harvested by centrifugation (650 g, 10 min, to an average final concentration of 3.0 mg Chl a l -1 ) during the exponential growth phase, and were resuspended in fresh growth medium supplemented with NaHCO 3 (5 mM final concentration). The suspensions were left to settle before staring the experiments to allow the stabilization of the fluorescence signal.
Results
Experimental set-up
The presented set-up, combining light masks and well plates of relatively small size (compared with the maximum image size of 130 × 130 mm provided by the fluorometer), effectively optimized the compromise between improving the homogeneity of sample illumination and measurements while allowing a large number of samples and an adequate number of pixels per sample. The use of custom-made plates represented a substantial improvement relative to the larger commercially available models, permitting the testing of a larger number of E×T combinations. The set-up produced a high degree of inter-sample homogeneity, as confirmed by measurements of F v /F m (CV<1.6%), and furthermore made it easier to set a homogeneous actinic light field to reduce the variability between measurements made on light adapted samples.
Dynamic light response
The method enabled the detailed description of the photophysiology of the samples, regarding both the response to changes in light intensity (LCs) for different times of exposure and the response over time (LSEs) under different light levels. The former are easily generated during the induction phase, as each saturating pulse yields a full light-response curve (SPLC) of the fluorescence indices of interest. Of importance is the fact that these LCs are non-sequential and based on independent measurements. Examples are shown in Fig. 2 , depicting the light response of ΔF/F m ′, rETR and NPQ measured after 7.5, 15 and 30 min of light exposure. The LCs were physiologically realistic, as ascertained by the very good fit of well-established models for describing rETR vs E (Fig. 2B, E) and NPQ vs E curves (Fig. 2C, F) . The LCs allowed confirmation of a clear difference in the light response of the cultures grown under LL and HL conditions, characterizing their photoacclimation state by estimating the parameters of light curve models. When compared with LL conditions, acclimation to HL resulted in a reduced efficiency of light absorption (lower α) but a much higher light-saturated photosynthetic activity (higher rETR m ) and saturation irradiance levels (higher E k ) (Fig. 2B, E) . Regarding NPQ, HL-and LL-acclimated samples showed similar maximum NPQ values (NPQ m ) and light curve shape (n). However, the increase of NPQ with E was much steeper (lower E 50 ) for LL-acclimated samples, causing higher NPQ levels to be reached within the tested range of irradiances (Fig. 2C, F) . Worthy of note is the low variability between measurements for each light level (error bars in Fig. 2) , likely a result of the large number of replicates (n=8). The exception is the case of rETR, for which the error increased substantially for E>900 µmol m -2 s -1 , a trend expected from the relatively low sensitivity of the imaging chlorophyll fluorometer, particularly when using low biomass (as with microalgal suspensions) and applying high actinic light. Because the various (eight) measurements for each light level were carried out on samples that started to be illuminated at different times, the low measuring error also indicates a lack of effect of the timing and order of measurements. The results further showed changes in LCs during the induction phase, especially for E>300 µmol m -2 s -1 . The cumulative effects of prolonged light exposure caused a gradual change in the light curves, particularly evident for rETR (Fig. 2B , E) and NPQ (Fig. 2C, F) .
Photoinactivation and repair
Figure 3 exemplifies the high throughput capability of the method concerning the quantification of the light and time dependence of photoinactivation and photorepair processes. All the data required for tracing the decay of F v /F m over time for a large range of light levels could be generated in a single short experiment. A total of eight exposure times and eight light levels could be independently tested in less than 1.5 h (30 min exposure plus 15 min recovery for lincomycin-treated samples, or 60 min+15 min for untreated samples). Even considering the replication of experiments, light-response curves of k PI or k REC (see below) based on a robust set of data could Light-response curves (single pulse light curves) were generated by application of a single saturating pulse after exposure to the actinic light mask for 7.5, 15, and 30 min. Data points are mean values obtained from each set of eight samples exposed for the same time. Data points are mean values of four (30 min) to eight (7.5 min) replicated measurements. Error bars represent ±1 standard error. Lines in (B, E) and (C, F) represent fitted models (Eilers and Peeters (1988) and Serôdio and Lavaud (2011) ) for rETR and NPQ, respectively. The estimates of the parameters of the two models fitted for the LCs measured after 7.5 min of actinic light exposure are also shown. For rETR vs E curves (B, E): α, initial slope; E k , light-saturation parameter; rETR m , maximum rETR. For NPQ vs E curves (C, F): E 50 , irradiance for 50% of NPQ m ; n, sigmoidicity coefficient; NPQ m , maximum NPQ. be produced in a period considerably shorter (<4.5 h for three replicated experiments) than if measured separately for each combination of time of exposure and light intensity. The method yielded well-defined patterns of F v /F m variation over time of exposure, based on low data point dispersion and low variability between experiments, allowing very good fits of Eqs 4 and 5 (P<0.005 in all cases), and the accurate estimation of k PI and k REC for each E level. Lincomycin-treated samples followed a negative exponential decay of F v /F m , denoting cumulative inactivation of PSII, at least for light doses up to ca 2.0 mol m -2 . In the untreated samples, F v /F m showed an initial decrease and a subsequent stabilization, corresponding to the balance between PSII inactivation and repair.
Based on the ability to test different E×T combinations, the method enables the study of effects of light dose and to readily identify processes that are light dose-dependent. This is exemplified by comparing the F v /F m responses of lincomycin-treated and untreated samples as a function of LD (HL-acclimated samples; Fig. 4 ). For lincomycin-treated samples, the decrease in F v /F m was LD-dependent, with all data points falling on the same (negative exponential) trend line, irrespective of the applied E level, denoting reciprocity between E and T. In contrast, for untreated samples, the trend of F v /F m variation depended on the particular combination of E and T applied (the light history), and data points did not follow an exponential trend when plotted against LD.
The availability of results for multiple combinations of irradiance and exposure time makes it also possible to 'map' the response to light stress along the range of E and T conditions, by plotting A(E,T) values in a symmetrical 2D light dose space. An example is presented in Fig. 5 , showing in the form of a heat map the A values calculated for each of the various E and T combinations, by applying Eq. 4 using the values of k PI and k REC measured for each E. This resulted in an alternative form of synthetically visualizing how photoinactivation and repair determine the response of the studied samples under different experimental conditions. Figure 5A , C shows the response of photoinactivation of HL-and LL-acclimated samples (based on the results from lincomycin-treated samples) to different E×T combinations. As compared with the HL-acclimated samples, LL-acclimated ones showed overall much lower A values, an indication of higher photoinactivation rates for most E×T conditions. Photoinactivation was especially severe for the combination of high intensities and long exposures, with A reaching values below 0.2 (Fig. 5C ). Photoacclimation to HL and LL conditions also caused noticeably different patterns regarding net photoinhibition (based on the results from untreated samples; Fig. 5B, D) . Again, cultures grown under LL conditions showed, when compared with HL-acclimated ones, lower A values across the E×T space, showing that the repair capacity of LL-acclimated samples was not high enough to compensate for the larger photoinactivation rates.
The symmetry in the A(E,T) distribution observed for both cultures (treated with lincomycin; Fig. 5A, C) is a graphical demonstration of the reciprocity between irradiance and exposure duration, i.e. that photoinactivation depended only on light dose, independent of how it was produced. For HL-acclimated samples, the heat map of net photoinactivation showed a clearly asymmetrical pattern, indicative of the fact that the response depended not only on light dose but also on light history (Fig. 5B) (Fig. 5D ), a result of their lower repair rates and capacity for counteracting photoinactivation. The detailed data obtained on the irradiance-specific variation of F v /F m with exposure time made it possible to characterize the variation of the rate constants k PI and k REC with irradiance (Fig. 6 ). In the case of k PI , the resulting lightresponse curve showed a linear increase with irradiance, both for HL-and LL-acclimated samples, indicative of a constant k PI :E ratio (i.e. constant Φ PI for each culture) over the tested E range, and of reciprocity between E and T in inducing photoinactivation. The correlation between k PI and E was highly significant (r 2 =0.968, P<0.001 and r 2 =0.997, P<0.001 for HL-and LL-acclimated samples, respectively) and the intercept of the linear regression of the k PI vs E equation was not significantly different from 0 (ANCOVA; P<0.001 for both cultures). However, as shown in Fig. 6A , some sigmoidal curvature was sometimes observed, caused by lower than expected values for low and high E (or higher than expected values for intermediate E levels). The slope of the k PI vs E linear regression is a direct estimate of the relative quantum yield of photoinactivation, which was estimated as Φ PI =1.98 × 10 -7 and 3.48 × 10 -7 m 2 µmol -1 for HL-and LL-acclimated samples, respectively (Fig. 6) . For HL-acclimated cultures, the light response of k REC was non-linear, showing an initial steep increase, followed by a gradual stabilization and reaching of a plateau for E values above 800 µmol m -2 s -1 (Fig. 6A) . k REC was higher than k PI for the whole range of irradiances, indicating that the capacity of repair largely exceeded the suffered Fig. 4 . Variation of the fraction of functional PSII (A; log scale), measured for all combinations of irradiance (E) and exposure duration (T), as a function of light dose (LD=E×T) for lincomycin-treated and untreated samples grown under high light conditions. Line represents the fitted model (Eq. 5). Same data as in Fig. 3. photoinactivation. In contrast, for LL-acclimated cultures k REC increased with E almost linearly, not showing saturation under high irradiances (Fig. 6B ). More importantly, k REC was always lower than k PI for the tested range of irradiances, the difference increasing with E, which indicates a limited repair capacity. It is to be noted that the applied E levels (minimum 90 µmol m -2 s -1 ) were all higher than the growth irradiance of these cultures (15 µmol m -2 s -1 ).
Discussion
Integrated description of light response: towards a 'protocol of everything'
The described method represents an expansion of the previously introduced multi-actinic imaging approach (Serôdio et al., 2013) . It maintains all the advantages of the combination of spatially separated actinic illumination and chlorophyll fluorescence imaging, namely the combined generation of light-response curves (SPLC) and of light stress-recovery experiments (LSEs), as well as the characterization of the dynamic light response, and the generation of light-response curves of NPQ and its components during post-illumination.
The main novelty of the new protocol is the introduction of dynamic light masks, opening the possibility of manipulating both actinic light intensity and time of exposure, therefore enabling the control of total light dose applied. This new approach contributes to an integrated characterization of the photophysiology of the samples under study, incorporating in one single experiment all the main manipulative chlorophyll fluorescence-based protocols carried out under controlled light conditions. Figure 7 presents an overview of the various commonly used experimental protocols and how they are integrated in the new method, contributing towards a chlorophyll fluorescence 'protocol of everything', providing data on photoacclimation state, photoprotection capacity, and photoinactivation and repair.
Advantages and new possibilities
The most immediate advantage of the new method is the considerable time saving achieved, as all actinic light levels and all exposure times (regardless of their total number) are tested in a single experiment. This clearly contrasts with the conventional approach requiring that each sample (corresponding to a single combination of actinic intensity and exposure time) be measured separately. The possibility of obtaining high temporal resolution data on LCs, LSEs, or rate constants k PI and k REC with unprecedented ease may prove valuable to explore situations in which the sample physiology changes rapidly due to fast changes in environmental conditions or endogenous rhythms (Rascher et al., 2001; Sorek and Levy, 2012; Su et al., 2012) .
Another new possibility regards the ability to map the sample light response in a light dose space. This approach can be used to compare the light response of different types of samples (e.g. different species, photoacclimation state, experimental conditions), or, as an exploratory screening tool, to identify E×T regions corresponding to more or less intense stress effects, and thus help to select E and T conditions to be used in more detailed experiments. This approach also highlights the often overlooked importance of considering 'light' as a bi-dimensional quantity when studying its effects on the physiological response of photosynthetic organisms.
However, the main implication of this new method is the possibility of studying in detail the operation of photoinactivation and photorepair processes, through the measurement of the rate constants k PI and k REC . The method is shown to provide a fast way of measuring rates of photoinactivation and repair as opposed to merely end point measurements (e.g. for a single exposure period; Ragni et al., 2008; Hennige et al., 2011; Serôdio et al., 2012; Jeans et al., 2013) . The availability of several end points, corresponding to different times of exposure, is preferable to a single end point measurement because it makes it possible to estimate rate constants. Rate constants characterize the variation of functional PSII over time, and therefore predict its behavior for any period of time. While a single end point can in principle be sufficient to estimate k PI , because of the expected exponential relationship of F v /F m with irradiance in lincomycin-treated samples (Eq. 5), allowing the fit of a linear model to logarithmized values, the use of several data points makes this estimation much more robust. The situation is worsened in the case of the estimation of k REC , because the pattern of the decrease of F v /F m on untreated samples cannot be described as a simple first order exponential function (Eq. 4), and the availability of several end points over time is clearly beneficial.
The presented method further allows characterization of the light response of rate constants k PI and k REC . The possibility of generating paired light-response curves of k PI and k REC enables the evaluation of how light conditions affect photoinactivation and photorepair responses and the relative importance of the two processes over the range of ecologically relevant levels of light intensity. Because the relative dominance of PSII damage and repair rates determines the level of net photoinactivation, these are of great interest from an ecophysiological perspective, as they can contribute to definition of tolerance limits for light stress. Light curves of k PI and k REC are also important for predicting the behavior of the studied samples under a large range of light conditions, even beyond the range that was experimentally tested. As k PI and k REC vary differently with E (linearly and non-linearly, respectively), it may happen that conclusions drawn from measurements made under a single, arbitrarily selected combination of E and T do not apply for other experimental conditions.
The high throughput nature of the method may contribute to increasing the available data sets for k PI and k REC , and for their light response. Data for the light response of k PI are easier to obtain and are more available in the literature (Tyystjärvi and Aro, 1996; Kato et al., 2003; Hakala et al., 2005; Tyystjärvi et al., 2005; Sarvikas et al., 2006 Sarvikas et al., , 2010 than data for k REC (He and Chow, 2003; Murata et al., 2012; Miyata et al., 2012) . Nevertheless, new data sets for k PI light response are of clear interest because k PI may be used as an indicator of the global effectiveness of photoprotective mechanisms as a whole, as it directly measures the photoinhibitory damage actually occurring. On the other hand, the possibility of easily quantifying k REC and its regulation by light intensity is especially relevant in the context of the currently growing belief in the role of photorepair processes as being key to understanding the responses to light stress (Nishiyama et al., 2006; Murata et al., 2012) , including the impact of environmental stressor factors (Murata et al., 2007) .
Of especial interest are the effects of growth light conditions, and induced photoacclimation state, on photoinactivation and photorepair processes (Kato et al., 2003; Miyata et al., 2012) . This is because the available results on the effects of growth irradiance on photoinactivation and repair are largely contradictory. Several studies have shown a clear influence of photoacclimation state on k PI , through either an increase (Baroli and Melis, 1996; Ragni et al. 2008 , Jeans et al., 2013 or a decrease (Kato et al., 2003; Ragni et al., 2010) of k PI with growth irradiance, while others have shown that photoacclimation affects the response to light stress not by altering susceptibility to photoinactivation but by changing (increasing) photorepair capacity (Miyata et al., 2012) .
In the present study, growth irradiance affected markedly both photoinactivation and repair rates, but in opposite directions. As compared with HL-acclimated cultures, acclimation to low light caused a large increase in Φ PI (+76%) and an almost symmetrical decrease in k REC (-68%; considering the average of the k REC values measured for E>1200 µmol m -2 s -1 ). Also, as opposed to the HL-acclimated samples, LL samples showed k REC values lower than the k PI measured for matching irradiance levels. Cases when photoinactivation rates exceed repair rates have been reported, typically for samples exposed to light levels considerably higher than growth irradiance. This is the case of microalgae cultures grown under low light conditions (Ragni et al., 2008 (Ragni et al., , 2010 or natural samples exposed to very high light levels (Hennige et al. 2011; Hill et al., 2011) . The relatively extreme observations of the present study were caused by the very low growth irradiance used for LL conditions (as compared with the actinic light levels applied), which induced a pronounced downregulation of photoprotective mechanisms, leading to a higher susceptibility to light-induced damage (high Φ PI ), and a simultaneous large decrease in repair capacity (low k REC ). The simplest protocol, comprising one single measurement following one light exposure period, usually after a steady state is reached, which may be compared with a reference measurement taken during initial dark adaptation (Schreiber et al., 1986; Maxwell and Johnson, 2000) . This protocol can be expanded in two ways: (B) by increasing the number of measurements (m>1) during the light period (allowing monitoring of Kautsky induction) and during the recovery period (useful for quantifying NPQ components; Müller et al., 2001; Murchie and Lawson, 2013) ; or (C) by increasing the number of light intensities applied (E>1), generating a light-response curve (LC) (Schreiber et al., 1994) . The various actinic irradiance levels are typically applied incrementally, with the same duration, allowing reaching a quasi-steady state. When the exposure period is made very short (e.g. 10 s), steady state is not reached (rapid light curves; Schreiber et al., 1997; White and Critchley, 1999) . In these protocols, because light of different intensity is often applied sequentially, only one measurement is made, at the end of each light level, and recovery is not analysed as it cannot be associated to a single light treatment. Protocols in (B) and (C) can be combined by applying multiple light levels (E>1) for the same duration (T=1), but simultaneously, not sequentially (D). This allows generation of 'single pulse light curves' (each measurement during light exposure results in a non-sequential light-response curve) and, by considering the measurements made over time, characterize the 'dynamic light response' (Serôdio et al., 2013) . This protocol also allows for quantifying NPQ components for each E level. In a different approach, the same light intensity (E=1) is applied but for different durations (T>1). This is the case of the estimation of k PI or k REC by tracing the decrease in F v /F m as a function of exposure duration. For example, k PI is often determined by measuring F v /F m on lincomycin-treated samples, only once during recovery and in comparison to pre-stress values (E) (Tyystjärvi and Aro, 1996) . A simple extension of this protocol includes carrying out measurements over time during induction and recovery (F). The main novelty of the new method here presented lies in the fact that various irradiance levels (E>1) are applied for different durations (T>1) simultaneously. For determining k PI or k REC for various light levels (thus estimating Φ PI ), measurements are made only once in the recovery phase (G) (essentially, the repetition of protocol in (E) for multiple irradiances) (Campbell and Tyystjärvi, 2012) . (H) The complete protocol proposed in this study additionally allows for carrying out measurements during induction and recovery phases, yielding light-response curves (T fixed, E variable), as well as induction and recovery kinetics (T variable, E fixed).
Limitations
Although the results of this work demonstrate the proof of concept for the new method, a number of limitations were identified. One main limitation derives from the use of an imaging chlorophyll fluorometer. Imaging of chlorophyll fluorescence is central to the multi-actinic approach, but currently available imaging systems are based on relatively low sensitivity CCD sensors that limit the detection of chlorophyll fluorescence signals, particularly for samples with low chlorophyll a content exposed to high actinic irradiances (Serôdio et al., 2013) . The satisfactory results obtained with microalgae suspensions in the present study suggest that this limitation can be largely overcome in the cases of samples with high chlorophyll a content, such as leaves or macroalgae. The introduction of higher sensitivity cameras would represent a major improvement and could make it easier to routinely apply the method to dilute suspensions of photosynthetic cells or chloroplasts. Another limitation of fluorescence imaging systems is that none of the commercially available models permit the application of single turnover pulses and the measurement of the functional absorption cross section of PSII (Kolber and Falkowski, 1993; Schreiber et al., 2012) , which prevents the calculation of absolute rates of PSII electron transport and of absolute quantum yield of photoinactivation (Campbell and Tyystjärvi, 2012) .
Other challenging aspects of the implementation of the method regard the estimation of rate constants k PI and k REC . In some cases, the last data points of the A time series showed a tendency to increase instead of the expected continuous decrease (in lincomycin-treated samples) or stabilization (in untreated samples) (e.g. Fig. 3B, C, D) . This may be due to fast culture growth or photoacclimation, causing the dilution of initial PSII in an increasing pool (Campbell and Tyystjärvi, 2012) , and could in principle be overcome by using shorter exposure times.
Another improvable aspect regards the linearity of the k PI vs E relationship. Although in all tested cases the linear regressions between k PI and E were highly significant (P<0.001), in some cases a slightly sigmoidal shape can be clearly observed (as exemplified in Fig. 6A ). This pattern cannot be fully explained at this stage. However, tentative explanations include the systematic deviation between the measured incident and absorbed irradiance, possible effects of depth integration of the fluorescence signal in the optically thick microalgal suspension (Serôdio, 2004; Oguchi et al., 2011) , or aspects associated to changes in action spectra of photoinactivation with irradiance level (Zavafer et al., 2015) . Another possibility would be the triggering of photoprotective mechanisms under high light that would partially lower the rate of k PI increase with E. Nevertheless, this departure from linearity, when it occurs, does not tend to systematically under-or overestimate the slope of the fitted linear equation, and the estimated Φ PI values are well within the range of published values.
Further uses
As pointed out before, the digital control of actinic light opens the possibility of manipulating AAL in terms of color as well as intensity and exposure time (Serôdio et al., 2013) . This may enable the study of spectral dependence of fluorescence indices and the combined effects of wavelength and light dose in determining photoinactivation and repair rates. This is of interest considering the current debate on the mechanisms underlying photoinactivation and the existing gaps in knowledge on the action spectra of k PI (and even more so for k REC ) and how they vary with light intensity (Schreiber and Klughammer, 2013; Zavafer et al., 2015) .
The presented experimental set-up can also be easily expanded to study the effects of multiple stressors, such as temperature, salinity, CO 2 limitation and reactive oxygen species, of interest for testing the relative efficiency of photoprotective and photorepair processes, determining resistance to photoinactivation and resilience capacity. Particularly relevant from an ecophysiological viewpoint is the study of photoinactivation and photorepair under fluctuating light (Wagner et al., 2006; Ross et al., 2008) . Fast changing light conditions are typical of many aquatic and terrestrial environments, for example, caused by ripples on the water surface (Schubert et al., 2001) or by sunflecks under tree canopies (Leakey et al., 2005) , strongly conditioning the photosynthetic activity and growth of photosynthetic organisms (MacIntyre et al., 2000; Lavaud et al., 2007; Demmig-Adams et al., 2012) . The responses to high frequency variability in light conditions are also of interest because of the hysteresis caused by the delay between induced photodamage and subsequent repair. The digital control of actinic light in the set-up here described makes it particularly simple to define and apply patterns of rapidly changing light conditions and to monitor the resulting effects in a comprehensive way.
